We present an iron K-edge X-ray absorption study of carboxymyoglobin (MbCO), nitrosylmyoglobin (MbNO), oxymyoglobin (MbO 2 ), cyanomyoglobin (MbCN), aquomet myoglobin (metMb) and unligated myoglobin (deoxyMb) in physiological media. The analysis of the XANES region is performed using the full-multiple scattering formalism, implemented within the MXAN package. This reveals trends within the heme structure, absent from previous crystallographic and X-ray absorption analysis. In particular, the iron-nitrogen bond lengths in the porphyrin ring converge to a common value of about 2 Å, except for deoxyMb whose bigger value is due to the doming of the heme. The trends of the Fe-N e (His93) bond length is found to be consistent with the effect of ligand binding to the iron, with the exception of MbNO, which is explained in terms of the repulsive trans effect. We derive a high resolution description of the relative geometry of the ligands with respect to the heme and quantify the magnitude of the heme doming in the deoxyMb form. Finally, time-dependent density functional theory is used to simulate the pre-edge spectra and is found to be in good agreement with the experiment. The XAS spectra typically exhibit one pre-edge feature which arises from transitions into the unoccupied d s and d p À p ligand * orbitals. 1s -d p transitions contribute weakly for MbO 2 , metMb and deoxyMb.
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Introduction
The small protein myoglobin (Mb), consisting of a single polypeptide chain of 153 amino acid residues and a heme group, plays a central role in many biological processes by acting as a typical heme-based sensor 1,2 for diatomic molecules that are either toxic (e.g. CN À ) and/or crucial for survival (e.g. O 2 , NO). 3 While the storage and diffusion of O 2 is the role most commonly associated with Mb, recent investigations have also implicated its role as a scavenger of nitric oxide. [4] [5] [6] The heme (see Fig. 1 ),
where binding occurs, is linked to the protein by a covalent bond from the iron atom to an imidazole nitrogen (N e ) of the proximal histidine (His93). The ligand (if present) binds on the distal side of the heme and is located close to, but not bonded, to another histidine (His64). The effect of non-covalent and dispersion interactions 7 between the ligand and His64 can contribute significantly to the reactivity of the active site and is best illustrated by the differences between CO and O 2 binding. In this case, changes in the protein's ligand affinity are initiated by the ability of His64 to provide a hydrogen bond to the ligand which stabilizes O 2 more than CO. [8] [9] [10] [11] The description of the biological functions of Mb relies largely on the use of static protein structures from crystallography, which provide the basic input data to develop a mechanistic understanding. Alternatively, a goal of modern structural biology is the ability to observe biological functions as they evolve in real time and therefore to fully understand the relationship between structural and dynamical properties, one must achieve not only high spatial resolution, but also a sufficiently high temporal resolution. [12] [13] [14] Important in the context of these studies is that hemoproteins are photosensitive, leading to a wide range of time-resolved optical and X-ray spectroscopic studies ranging from milliseconds to femtoseconds. [15] [16] [17] [18] [19] [20] [21] [22] [23] [24] [25] [26] [27] In these experiments, the biological function of ligand detachment from the heme is triggered by an optical (so-called pump) pulse, while the evolution of the system is probed by a second (typically optical or X-ray) pulse, with a tunable time delay with respect to the pump pulse. While optical tools can reach femtosecond resolution they do not provide direct structural information. To overcome this, time-resolved X-ray protein crystallography was implemented, and has now reached the 100 ps resolution, 28, 29 unraveling a detailed mapping of the photoinduced ligand detachment and recombination in carboxymyoglobin. [30] [31] [32] Modern crystallographic techniques make it possible to determine the global structure of the protein with almost atomic resolution. 33 However, ideally one would prefer to determine the structure of the protein in its physiologically relevant environment. In addition, the biological function and reactivity of Mb strongly depends on the electronic structure of the active site. The iron atom of the heme group may exist in three different oxidation states (ferrous, ferric and ferryl) and its valence 3d electrons are significantly delocalised into the porphyrin and ligand p* orbitals. In fact, the ability of the heme to redistribute the charge and spin density of the iron plays an important role in the formation and stabilization of a variety of intermediates important for biological function. 34, 35 For determining both the local geometric and the electronic structure around the active center ( Fig. 1 ), X-ray absorption spectroscopy (XAS) is an important tool. [36] [37] [38] Soft X-ray spectroscopy at the L 2/3 -edges [39] [40] [41] [42] can, by virtue of the dipole selection rules, directly probe the iron 3d orbitals which are not observable in optical spectroscopy owing to the strong p -p* (Soret) band. However, the L 2/3 -edges of iron are less sensitive to the geometric structure than the K-edge, for which bond length, angles and dihedrals may be extracted by the analysis of the spectral resonances occurring above the ionization potential in both the X-ray absorption near edge structure (XANES) and the extended X-ray absorption fine structure (EXAFS) regions, while the electronic structure is obtained via the pre-edge region of the spectrum. These attributes have led several groups to implement XAS for the study of heme proteins. 39, [43] [44] [45] [46] [47] [48] [49] [50] [51] Despite the fact that the physiological environment is the most relevant to the biological function, XAS studies of heme proteins under physiological conditions (pH 7 solution, room temperature and pressure) are almost completely lacking, except for the recent soft X-ray studies carried out at the Fe L 2/3 -edges. 40, 42, 52 Low temperature frozen solutions of heme proteins have generally been used as they reduce the thermal vibration of the atoms and, in the case of photolysed samples, trap intermediates so that their structures could be determined. However, aside from being far from the conditions in which proteins function, these samples are prone to radiation damage and lysis. 49, 53 It is therefore useful to investigate the photoinduced ligand detachment and recombination of heme proteins in physiological solutions which can be flowed continuously to ensure the renewal of the sample and decrease the X-ray dose deposited in each molecule. Recently, the first demonstration of time-resolved X-ray scattering 54, 55 and XAS 27,56 with 100 ps resolution of MbCO in solutions was reported. The latter studies open the possibility for the study of the structural dynamics of photoexcited heme proteins using time-resolved XAS. However, prior to this it is essential to obtain and understand the XAS spectra of the ground state protein in solution.
Here we report a systematic Fe K-edge XAS investigation of ferric and ferrous myoglobins in physiological solutions. By studying a wide selection of myoglobins, using the same experimental and theoretical approaches we provide a consistent structural refinement around the heme. The ferric species are: aquomet myoglobin (metMb) and cyanomyoglobin (MbCN). The ferrous ones are: the deligated myoglobin (deoxyMb) and the ligated species oxymyoglobin (MbO 2 ), nitrosylmyoglobin (MbNO) and carboxymyoglobin (MbCO). The structural analysis, based on multiple scattering (MS) theory, implemented within the MXAN package [57] [58] [59] [60] is able to account for the spectral differences as a function of ligand substitution (see Fig. 1 and Section S2.1, ESI, † for a description of the structural parameters that were optimised in this work). We demonstrate that, contrary to the range of values obtained from crystallographic refinements, the average iron-nitrogen bond lengths in the porphyrin ring converge to a common value of about 2 Å over the whole series of Mbs, apart from the special case of deoxyMb. Although many of the remaining structural parameters, i.e. the distance between the iron atom and the closest atom of the ligand, the tilt angle of the ligand and the Fe-N e (proximal histidine) distance, are found to be similar to those reported from crystallographic analysis, differences do occur that reveal structural trends between the different ligands. In addition, the present analysis enables us to quantify the magnitude of the heme doming in the unligated form (deoxyMb). Finally, the electronic structure is investigated using the pre-edge structures, analysed with time-dependent density functional theory (TD-DFT), 61, 62 implemented within the ORCA quantum chemistry package. 63, 64 We find that these features are predominantly 1s -d s and 1s -d p À p ligand * transitions, while 1s -d p transitions also weakly contribute for MbO 2 , metMb and deoxyMb. Despite the dominant Fe d contribution to the valence molecular orbitals, these transitions draw their intensity from the dipole (4p) transition moment due to the low symmetry of the heme environment. The experimental procedure for static XAS experiments has already been described in ref. [65] [66] [67] and is presented in the ESI. † Briefly, the Mb XAS spectra were collected at the microXAS beamline at the Swiss Light Source (Paul Scherrer Institut). The X-rays were monochromatized using a double-crystal, fixed exit monochromator (DCM) using a Si(111) crystal pair yielding an energy resolution of B1 eV. The X-ray energy was calibrated with an iron foil, setting the energy of the first derivative of the XAS spectrum to 7112 eV. The spectra were acquired in total fluorescence yield mode using two single-element silicon drift detectors (Ketek, AXAS-SDD10-138500, 10 mm 2 active area). We used lyophilized powder Mb from equine skeletal muscle (Sigma-Aldrich), with a purity 95-100%, dissolved in a sodium phosphate buffer at pH 7.0 and a concentration of 4 mM. The UV-Vis absorption spectra of the solutions were monitored throughout the experiment and were found to be consistent with the literature (see Fig. S2 , ESI †). The MbCN was prepared in basic solution to prevent the formation of CN gas, as described in the ESI. † The pH was not corrected afterwards and therefore is the only case that slightly deviates from physiological conditions. Nevertheless, this approach is preferable to soaking a metMb crystal in a CN-containing solution in which binding is uncontrolled, and is the standard way of making crystals of ligated Mb. In fact, for MbNO just soaking the crystal in NO-containing solution yields a different crystal structure. Further details of the preparation protocol of the Mbs, the structural parameters used to describe the heme environment, the procedure for the fits of the spectra and the computational details for the TD-DFT simulations are described in the ESI. †
Results
The iron K-edge XAS spectra of six myoglobin types, at room temperature and a concentration of 4 mM, are shown in Fig. 2a . Each of the spectra exhibits several prominent features, labelled A to E, which are magnified in Fig. 2b -d. For the above ionisation resonances (B-E), the variations point to differences in the heme structure upon substitution of a ligand by another. The features B to D have previously been assigned to multiplescattering XANES resonances, 48, 68 feature E is in the energy range normally considered part of the EXAFS region and is dominated by single-scattering contributions of the first coordination shell around iron. To our knowledge, feature C has not been assigned, but it is clearly more pronounced in metMb and deoxyMb. Besides the variations above the edge, we also observe differences in the pre-edge region (Fig. 2b) . The features therein correspond to bound-bound transitions into the unoccupied valence orbitals below the ionisation potential and they therefore bear information about the electronic structure. All the spectra, except MbCO, exhibit two resonances, centred around 7.114 keV and 7.119 keV, which are interpreted below.
It is interesting to note that the edge positions (E 0 ) of all of the spectra (corresponding to the ionization potential), defined as the maximum of the first derivative of the edge region, exhibit no distinct trend across the various forms of Mb (see Table S1 , ESI †), indicating that using E 0 to determine the oxidation state of the iron is not accurate and that the electronic structure of the iron atom is strongly influenced by the chemical nature of the ligands. Hocking et al. 69 reported that for ferric complexes, the porphyrin acts as a strong p-donor, while in the ferrous case it becomes a weak p-acceptor and can therefore be expected to somewhat compensate the oxidation state change of the metal. This points to the strong delocalisation of the iron 3d electrons into the porphyrin and ligand p* orbitals, which plays an essential role in the formation and stabilization of a variety of intermediates important for biological function. 34, 35 Besides the heme, the chemical bonding of the ligand will also modulate the charge transfer from the iron atom through the mechanism of p-backbonding and s-donation and consequently the edge shift, being a combination of these effects, will be difficult to relate only to the oxidation state of the iron.
Analysis
In the following, we present our analysis of both the geometric and electronic structure for each form of myoglobin. The computational details and structural parameters used to describe the heme environment and the fitting procedure for spectra are described in the ESI. †
MbCO
The structure and dynamics of MbCO have been widely studied, with much effort aimed at understanding the difference between the affinity of CO ligation with respect to O 2 . 9 The strong IR absorption of the CO bond [70] [71] [72] performed iron K-edge polarized XANES investigations of MbCO at 20 and 100 K respectively. Their results largely agree with other previous studies (see Table 1 ) and only a slight increase in the Fe-C and C-O distances were reported. In both cases, a, the angle between the direction perpendicular to the heme plane and the vector defined by the bond between the Fe and C CO (see Fig. S1 , ESI †), was not reported due to the low sensitivity of the fit to this parameter. This angle is thought to be important for the mechanism through which Mb suppresses the binding of CO compared to O 2 84,85 and it has only been assigned using XRD (see Table S1 , ESI †). The spectrum is only weakly dependent on the angle a and most of the square residual derives from the rising edge region of the spectrum, which is the most troublesome for theoretical analysis. See the main text for a detailed discussion on this issue.
33,86
c Though only a single CO geometry was obtained from this result, two distal histidine (Hist64) geometries with respect to the CO were obtained.
d This result required two CO geometries to fit the data. e This corresponds to the angle between the CO bond and the normal to the heme plane and is convenient for comparison to IR spectroscopy.
f This EXAFS result was unable to distinguish between the porphyrin and proximal histidine N atoms.
g Values reported are averages from two approaches for calculation of the muffin-tin potential, see ref. 51 for details.
Our XANES analysis of MbCO is shown in Fig. 3a and the summary of the structural parameters, obtained from the minimisation of the square residual between the experiment and theory, is reported in Table 1 . Notably, this yields a = 22 AE 101, significantly larger than the values previously determined from the crystallographic structure and polarised IR spectroscopy, which gives the angle between the CO bond and the normal to the heme plane (corresponding to those shown in Table 1 ) to be r7. 73 However, the large error associated with this value points to a weak sensitivity of the spectrum to this parameter and this is confirmed in Fig. S3 (ESI †) showing the variation of the calculated spectrum as a function of a.
Although the overall square residual points to a best fit value of 221, the agreement above the rising edge (E Z 5 eV) is clearly improved for smaller values of a. In fact, Fig. S3e (ESI †) shows that the majority of this square residual derives from the rising edge and changes in the post-edge which contribute little to the total square residual are reduced for smaller angles of a, in agreement with the previous studies shown in Table 1 . From this we conclude that our spectrum is sensitive to a, however the changes are subtle meaning that a combination of higher quality data and an accurate theoretical treatment of many body effects, which are important close to the edge, is required to be able to assign a with certainty. Insight into the electronic structure of the heme, following the structural refinement, can be assessed by simulation of the pre-edge region. Fig. 3b shows experimental and calculated spectra using the B3LYP*, [89] [90] [91] containing 15% Hartree-Fock exchange (HFX), 92, 93 and BP86 exchange and correlation (x-c) 94 functionals. The former was chosen because, for weak field complexes, it yields a better description of the d-orbitals splitting than B3LYP 92 and its effect on Fe K-edge spectra was recently demonstrated for [Fe(bpy) 3 ] + 93 for which B3LYP gave 1s -3d(e g ) transitions which were too low relative to other transitions. The BP86 functional (dashed line) yields one feature below À9 eV, consisting of two principal resonances separated by 1 eV (less than the 2 eV broadening), having 1s -d s and 1s -d p À p CO * characters, respectively. However, this resonance does not agree with the experimental spectrum, which contains a clear doublet structure. In contrast, the B3LYP* functional replicates the doublet observed experimentally both here and in ref. 95 . In this latter case, the two resonances have the same character as those described above, but the inclusion of HFX increases the separation of the states. The lower transition, 1s -d s , decreases in energy due to the limitation of generalized gradient approximation (GGA) functionals (BP86) to correctly predict the splitting of the d-orbital in weak field transition metal complexes. 92 The higher, 1s -d p À p CO *, transition increases in energy owing to the improved description of the p-backbonding required to represent Fe-CO bonds. 85, 96 Despite the large Fe d contribution to the molecular orbitals involved in these transitions, the low symmetry around the iron, i.e. loss of centrosymmetric symmetry, implies 3d/4p mixing and these transitions are in fact dominated by the dipole component arising from the small amount of 4p character. This is in agreement with ref. 97 on low symmetry iron complexes and is evidenced in both experiment and theory by the relative heights between the two peaks. If the quadrupole moment were the principal component, the lower energy peak (A | ), which consists of a 1s -d s transition, would be more intense than the higher peak which is of 1s -d p À p CO * character. Finally, the feature at À6 eV in the calculated spectrum corresponds to a 1s -4p transition. Its proximity to the edge means that the final state wavefunction of this transition is rather diffuse and would require the inclusion of a larger number of residues beyond the heme and proximal hisitidine to yield a quantitative description. As shown later, its appearance in the experimental spectrum is a sensitive probe of the edge position, but also the distribution of 4p character throughout the valence space. We therefore use this transition in a qualitative manner throughout the remaining forms of myoglobin. Here, the low ionisation potential (E 0 , see Table S1 , ESI †) means that this transition is beneath the rising edge associated with the continuum and is not observed in the experimental spectrum. The energy scale used in the fits is relative to the position of the first derivative of the XAS spectra, which is a first guess of the E 0 -see Table S1 (ESI †). Details of the calculation are given in the ESI. † The experimental data are represented by open circles. In (a) the calculated total cross-section, i.e. unconvoluted with respect to the lifetime broadening function, is represented by the thin solid line (right axis).
MbNO
Besides its role for the storage and diffusion of oxygen, recent investigations have implicated Mb as a nitric oxide (NO) scavenger in heart and skeletal muscle. 6 A wide variety of functions have also been reported in other heme proteins, such as hemoglobin and nitrophorin. Therefore the reactivity and function of NO is thought to be closely related to its electronic and geometric structure upon binding. 98 Zemojtel et al. 99 have recently postulated, using femtosecond infrared polarization spectroscopy, that the electrostatic energy within the heme pocket has a significant bearing on the structure of the Fe-NO, leading to a specific NO recognition strategy for heme proteins. In contrast to MbCO, the structural refinements of MbNO appear to reflect larger variations depending on the conditions and specifically, the temperature (see Table 2 for a list of structural parameters from the literature). Using EXAFS analysis on cryo-cooled samples, 88, 100 Fe-N e distances to the proximal histidine of 2.05 and 2.08 Å were obtained, while in contrast, analysis of the XRD of room temperature samples found 2.18 Å, in close agreement with the Fe-N e distance at 100 K extracted from a polarized XANES analysis. 51 Besides this, there are also significant differences for the bending angle b (Fig. S1 , ESI †).
The linearity of the Fe-N-O angle is broken owing to the extra antibonding electron, compared to CO. This electron causes an antibonding interaction between the d s and p NO * orbitals and the bending minimises it. This reduces the p-back-bonding interaction, which although is somewhat compensated for by enhanced back-bonding perpendicular to the bending plane, is still expected to result in a weaker Fe-NO bond.
101
Variations in the bending angle have also been reported to be dependent on the preparation method [102] [103] [104] and in particular, the NO geometry relative to the iron atom varies considerably depending on whether MbNO is prepared in solution or in crystalline form 100 and whether the crystals are prepared from the reaction of metMb with nitrite/dithionite or directly from the reaction of NO gas with deoxyMb. It has been speculated that these differences arise from interactions with the distal pocket, which stabilises local Fe-NO conformational minima. 103 Specifically, when the sample is crystallized as metMb and subsequently reduced (NO gas method), the distal pocket and the distal histidine force a strained binding geometry on the NO. 100 From our present analysis, derived from MbNO synthesised using NaNO 2 is also sensitive to the protonation state of the His93, as the nearby Serine 92, which offers a hydrogen bond, can affect its geometry. 107 Given that the pK a of histidine is 6.5, it is likely that deviations from physiological conditions will have an important bearing on the protonation and consequently on this bond length, meaning that the present structure, in agreement with that of ref. 104 is the most relevant for the protein in its natural environment.
The pre-edge region of MbNO (Fig. 4b) , in contrast to that of MbCO, exhibits only one feature at À11 eV. Likewise, it is dominated by transitions of 1s -d s and 1s -d p À p NO * character. However, because p-backbonding is smaller for Fe-N-O, their separation is less than our experimental resolution and therefore they appear as one feature. In this case, the simplified bonding means that the BP86 functional achieves good agreement with the experimental spectrum, as is usually encountered for iron K-edges 62 and therefore we use only this functional throughout the remainder of the work. The feature at À6 eV, like MbCO, corresponds to the 1s -4p transition and in this case there appears to be a weak transition corresponding to it in the experimental spectrum. This is to be expected for MbNO because E 0 is B0.3 eV higher energy than for MbCO and therefore the 1s -4p transition is slightly less concealed by the rising edge.
MbO 2
MbO 2 is responsible for the transport and storage of oxygen in red blood cells and is the most biologically relevant form of myoglobin. However, somewhat surprisingly the highest resolution crystallography refinements suggest that contrary to all of the other ligated Mb the Fe atom does not lie in the heme plane but below it, similar to the deoxy form. 33, 108 Our present refinement is shown in Fig. 5 and the structural parameters from this and previous studies are summarised in In addition, the bound O 2 is a good H-bond acceptor, from the distal histidine which has been observed in both neutron diffraction 111 and NMR 112 investigations, likely contributing a further distortion. The remaining structural parameters largely converge to those of the other ligated forms of myoglobin and previous refinements of MbO 2 . In particular, we find an Fe-N e distance of 2.10 AE 0.01 which lies between the MbCO and MbNO values and is consistent with the expected trans ligand effect, which as stated previously is largest for NO. 101 The angles a and b are in good agreement with the structures summarised in Table 3 , and it is interesting to note the large b, which is 501 AE 4. This bending is consistent with increasing occupation of the In (a) the calculated total cross-section, i.e. unconvoluted with respect to the lifetime broadening function, is represented by the thin solid line (right axis). The energy scale used in the fits is relative to the position of the first derivative of the XAS spectra, which is a first guess of the E 0 -see Table S1 (ESI †). In (a) the calculated total cross-section, i.e. unconvoluted with respect to the lifetime broadening function, is represented by the thin solid line (right axis). The energy scale used in the fits is relative to the position of the first derivative of the XAS spectra, which is a first guess of the E 0 -see Table S1 (ESI †).
p* ligand orbitals, and as previously discussed for MbNO serves to reduce the antibonding interaction with the d s . In addition, for MbO 2 it is also expected that the hydrogen bonding of the oxygen atoms with the His64 induces a further bending into the structure.
11
Besides geometric considerations there has been a significant effort aimed at understanding the bonding and electronic structure of Fe-O 2 in MbO 2 . 35, 39, [113] [114] [115] [116] Fig. 5b shows the experimental and calculated pre-edge spectrum for MbO 2 , which exhibits a clear pre-edge feature at À13 eV. The intensity of this feature, which also has a 1s -d s and 1s -d p À p O 2 * character, is significantly weaker than in MbNO, pointing to a reduction in the Fe 3d-4p mixing and a loss of the dipole component (1s -4p) contributing to these transitions. As the magnitude of 3d-4p mixing is proportional to the Fe-X bond length, 97 this reduced 4p mixing points to a longer Fe-O bond length, in comparison to MbCO and MbNO, consistent with the structural analysis (Table 3 ). In addition, it is important to notice the asymmetry of the pre-edge feature on the low energy side. This is due to a 1s -d p transition which suggests that in solution the electronic structure is best described by the but also demonstrated that this asymmetry was absent in the crystal, highlighting the importance of performing such studies in physiological relevant media. Finally, the 1s -4p transition, which occurs at BÀ8.5 eV, is clearly observed in the experiment and is in agreement with the calculation. In this case, in contrast to MbNO and MbCO, E 0 occurs at higher energies, (7126.8 eV, see Table S1 , ESI †) meaning that this transition is no longer concealed by the rising edge.
MbCN
MbCN is a ferric heme protein, formed by complexation of the cyanide anion (CN À ) to the high-spin ferric heme of metMb, displacing the water ligand. MbCN, contrary to the previously discussed ligated forms of Mb, is formed with a high affinity and has a very short photocycle (o4 ps). 118, 119 Previous structural refinements, summarised in Table 4 , have indicated that the bound CN ligand has a tilted geometry, while polarised Raman measurements have suggested that the hexacoordinate low-spin heme group is domed, 120 however this has not been confirmed by either XAS or XRD. Arcovito et al. 50 combined X-ray diffraction and polarized XANES to study the structure of MbCN. They showed that using the XANES derived parameters as constraints on the crystal structure refinement of the X-ray diffraction data, it was possible to achieve a higher precision for bond distances and bond angles around the iron (see Table 4 Our structural refinement of MbCN is shown in Fig. 6a , with the parameters given in Table 4 . Our results agree within the uncertainty with both the crystallographic 33, 86 and the structure derived from the XANES spectrum. 50 In particular, the average Fe-N p distance which converges to that of the other forms of Mb. Both a, 11 AE 51 and b, 9 AE 31, are in agreement with previous assignments and demonstrate a close similarity to the linear Fe-C-N moiety. 122, 123 Fig. 6b shows a zoom of the experimental spectrum in the pre-edge region and the calculated spectrum. As discussed previously for MbO 2 , we observe one clear pre-edge feature owing principally to the 1s -d s and 1s -d p À p CN * transitions. Given the ferric oxidation state of MbCN, as in the case of MbO 2 previously, we observe an asymmetry on the low energy side of this pre-edge feature. This arises from 1s -d p transitions, but are weak because of the quadrupole character. The intensity of the first pre-edge feature is, like MbO 2 , weaker than in MbCO and MbNO. Again, the longer Fe-C CN bond length reduces 3d-4p mixing, and therefore this transition has a larger contribution from the quadrupole moments. Interestingly, the effect of the reduced 3d-4p mixing results in a clear transition at B5 eV higher energy on the rising edge. This feature, common to the K-edge spectra of transition metal complexes, is a 1s-4p (dipole-allowed) transition. As seen in the previous spectra, this is present in all of the calculated spectra, but it is only visible experimentally for the complexes with reduced 3d-4p mixing at lower energy (MbO 2 and MbCN).
metMb
In metMb, the ferric iron center is bound to a water molecule and has a high spin electronic configuration, which plays an important role in the reaction cycle with MbNO and MbO 2 . Oxymyoglobin can react rapidly (and irreversibly) with NO yielding nitrate and metMb, acting as an NO scavenger.
Here, metMb is reduced to form metMb-reductase, which can then bind to NO or O 2 , completing the cycle. 6 Our fit of the XANES spectrum is given in Fig. 7a and the structural parameters are summarised in Table 5 . The fit, gives the best agreement with the experimental spectrum (S 2 = 0.57) of all the series, and our results closely agree with the previous refinements, 33, 46, 53, 124, 125 except for the Fe-Li distance which varies significantly from the results of studies given in Table 5 .
To understand this, we calculated the spectrum without the oxygen atom in the position of the ligand, i.e., undistorted pentacoordinated geometry. The resulting spectrum (Fig. S7 , ESI †) has a larger square residue (S 2 = 0.99), but overall the agreement is still good. This indicates that the bound oxygen has only a small effect on the spectrum and therefore cannot be expected as close to the iron as CO, NO and CN. However, importantly our present analysis of all forms of Mb demonstrate that the C feature is very sensitive to the presence of the ligand, and is significantly more pronounced in both deoxyMb and metMb. Given this sensitivity and the good agreement between experiment and theory we expect our present refinement to be more accurate than crystallographic structures. In (a) the calculated total cross-section, i.e. unconvoluted with respect to the lifetime broadening function, is represented by the thin solid line (right axis). The energy scale used in the fits is relative to the position of the first derivative of the XAS spectra, which is a first guess of the E 0 -see Table S1 (ESI †).
Regarding the heme structure, the refinement in Table 5 includes only the displacement of the Fe from the heme plane (Disp), in contrast to the structure of ref. 33 which reported a doming of the heme plane. However, despite the high spin configuration of iron, the doming for ferric species is expected to be smaller than ferrous myoglobins. 127 In fact, a minimisation including the Dom1 and Dom2 parameters (see the ESI † for a description of these parameters) yielded small values with large uncertainties (0.02 AE 0.06 for both parameters) and therefore we conclude that the heme is not domed. The pre-edge spectrum of metMb is shown in Fig. 7b . In contrast to the other forms of Mb, the feature at B9 eV is rather broad and weak. This difference is consistent with the structural fluctuations of Fe-O associated with thermal motions, which would give rise to a spectral broadening. No broadening appears in the L 2/3 -edge spectra of Wang et al. 39 because fluctuations of the Fe-O distance will not significantly alter the 3d character, which are the dipole allowed transitions for the L 2/3 -edges. However, they would be expected to alter the Fe 4p contribution, which as discussed for the previous spectra, plays an important role in the pre-edge intensities. Overall our simulations are in good agreement with the experiment, but the features are not as broad owing to the use of a single configuration (best fit) and therefore thermal motions are not replicated. We find that the feature corresponding to A | is composed of three principal transitions, which are separated by less than the experimental broadening and therefore appear as one feature. The first two, separated by 1 eV are the 1s -d p and 1s -d s transitions due to the high spin state of iron and are consistent with features in the L 2/3 -edges of Wang et al.
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The third transition, is very weak, has a 1s -d p + p Porphyrin * character, and arises from the porphyrin p donation due to the ferric oxidation state of iron in metMb. Finally, like MbCN, the edge position of metMb (7126.2 eV, see Table S1 , ESI †) means that the 1s -4p transition is visible at À7 eV, and in common with the lower energy feature, the thermal motions associated with the weak Fe-O bond imply that this feature is weaker than observed for MbCN and MbO 2 .
deoxyMb
DeoxyMb represents a unique case as the ferrous iron is not ligated resulting in a pentacoordination. In addition, the high In (a) the calculated total cross-section, i.e. unconvoluted with respect to the lifetime broadening function, is represented by the thin solid line (right axis). The energy scale used in the fits is relative to the position of the first derivative of the XAS spectra, which is a first guess of the E 0 -see Table S1 (ESI †). spin state of iron leads to doming of the heme plane. However, the magnitude of the doming is difficult to quantify and many previous studies have reported an iron displacement from the heme plane 46, 51, 128 which induces considerable strain on the bonds within the porphyrin (see Table 6 ). In these studies, the porphyrin ring size, given by the average distance Fe-N p , is found to have a consistent value, reflecting the rigidity of the structure. On the other hand, all the other structural parameters vary considerably outside the reported errors, suggesting that their values are affected by the fact of using crystals in the experiments or by a sample not consisting of deoxyMb only. The fit of the experimental spectrum and the structural parameters are shown in Fig. 8 and Table 6 , respectively. In our analysis, we find that the magnitude of the doming has a large influence on features C and D, and its accurate description is therefore indispensable for a proper agreement between the experimental and the simulated spectrum (see ESI † for details). The best fit to the deoxyMb XAS spectrum was achieved with Disp = 0.2 AE 0.02 Å, Dom1 = 0.03 AE 0.01 Å and Dom2 = 0.04 AE 0.01 Å (see Fig. S3 , ESI †). The iron displacement is smaller than in previous reports (except ref. 46 which has a large uncertainty), but this is because our present model not only considers the distortion of the iron, but also the nitrogens and nearest carbons in the heme plane, providing a more physical description of the doming. Besides the doming, we find a significant difference between our Fe-N e distance and most previously reported values. However, an EXAFS study by Rich et al. 129 has reported a value of 2.31 Å for pH 6 and a temperature of 10 K. This distance decreases when the pH is either increased or decreased, and therefore this bond in particular appears to be very sensitive to the experimental conditions. Given that our present conditions are 298 K and pH 7, we believe that our structure is the most relevant to physiological conditions. The experimental and calculated pre-edge spectra of deoxyMb are shown in Fig. 8b . We observe one pre-edge peak, shifted (on the absolute energy scale in Fig. 2 ) by 3 eV to lower energies. The high spin confirmation means that 1s -d p , as well as 1s -d s should be accessible. Our simulations contained both transitions, which are separated by B1.5 eV, in agreement with the L 2/3 -edge spectra of Wang et al. 39 This separation is smaller In (a) the calculated total cross-section, i.e. unconvoluted with respect to the lifetime broadening function, is represented by the thin solid line (right axis). The energy scale used in the fits is relative to the position of the first derivative of the XAS spectra, which is a first guess of the E 0 -see Table S1 (ESI †).
than our present resolution and therefore they appear as one peak, for which the 1s -d p transitions are very weak because they arise from the quadrupole moment, in contrast to the 1s -d s , which as discussed above has a significant 4p mixing and therefore a dipole component.
Conclusion
We have investigated the electronic and geometric structure of six different forms of Mb under physiological conditions using Fe K-edge X-ray absorption spectroscopy. The geometric analysis of the XANES region of the spectrum, using the FMS formalism, reveals that the iron-nitrogen bond length in the porphyrin rings of the different forms of Mb converge to a common value of about 2 Å, in contrast to the wide variation found in the crystallographic structures. This reflects the relative rigidity of the porphyrin, due to the many carbon-carbon double bounds. The Fe-N e bond length demonstrates a trend associated with the effect of ligand binding. The binding of CO, O 2 and CN is known to strengthen the Fe-N e bond, and in agreement with this we find a significantly shorter bond length than the corresponding one in deoxyMb. In contrast, NO hemes are known to exhibit a strong trans effect, 105 which reduces the strength of the Fe-N e bond. Although, we find that it is still stronger than in deoxyMb, the Fe-N e is larger than that in the other ligated myoglobins. For metMb, the weakly bound water molecule slightly strengthens the Fe-N e bond and the bond length is similar to that of MbNO. The bonding angles of the various ligands, defined using the a and b angles, which play an important role in the exit trajectory of the ligand following photodissociation are found to agree largely with previous crystallographic and XAS refinements.
The electronic structure of the different forms of Mbs was investigated by simulating the pre-edge features using TD-DFT. These features for all forms of Mb are predominately 1s -d s and 1s -d p À p ligand * transitions, while 1s -d p transitions also weakly contribute for MbO 2 , metMb and deoxyMb. Importantly, despite their molecular orbitals being dominated by the Fe d-character, these transitions draw intensity via the dipole transition moment, due to the low symmetry environment around the heme which makes 3d-4p mixing symmetry allowed. This mixing, owing to the lack of centrosymmetric symmetry, occurs in all Mbs presented here and the intensity of the pre-edge features form two distinct classes; (i) stronger for MbNO and MbCO and (ii) weaker for MbO 2 and MbCN. Previous XAS investigations have demonstrated that the magnitude of Fe 3d-4p mixing is sensitive to the Fe-X bond length. 97 This is the case here, as both MbNO and
MbCO have, following our present refinement Fe-X of B1.8 Å, while the latter (MbO 2 and MbCN) are B1.9 Å. Importantly, this further confirms our assignment of the Fe-O bond length, which is approximately 0.1 Å longer than previous assignments.
In conclusion, this study represents an important development towards the study of the electronic and geometrical structure of biological systems and, in particular, the dynamics of ligand rebinding in heme proteins using time-resolved XAS. In addition, the consistent experimental and theoretical treatment of the whole myoglobin series means that we avoid systematic errors in the structural refinement. Importantly, the results are derived from measurements taken in physiological flowing solutions, which minimises the X-ray-induced reduction, lysis or damage and because of the physiological solutions, our data are also not biased by crystal packing forces and/or stress. Despite this our results have demonstrated that in general the structural parameters reported are largely in agreement with the most recent refinements using X-ray crystallographic data. Finally, the presented methodology can be extended to the study of other biological systems, providing experimental conditions closer to the ones found during biochemical reactions.
